oped for the HHH may be applicable also to the higherprecipitation portions of the WW-SF region.
D
rought, tillage, low production of crop residue, SF under Pacific Northwest conditions. nonaggregated soils with low organic matter conDue to inefficient PSE, frequent difficulty with WW tent, and high winds often combine to leave soil vulnerastand establishment from deep planting depths, and ble to wind erosion in the HHH region of south-central wind erosion hazard, farmers in the HHH are interested Washington. Winter wheat-summer fallow, where only in alternatives to WW-SF. The purpose of our study one crop is produced every 2 yr, is the dominant dryland was to compare WW-SF with continuous annual no-till crop rotation. Farmers in the HHH are considered some HRSW for grain yield, grain yield components, straw of the best practitioners of conservation tillage in the production, weed control PSE during the noncrop peinland Pacific Northwest, but wind erosion from SF or riod, and farm economics. newly planted WW fields is a major soil loss and air quality concern. The WW-SF rotation is practiced on MATERIALS AND METHODS 1.56 million ha in the low (Ͻ300 mm annual) precipitation region of eastern Washington and north-central A 6-yr field experiment was conducted from 1996-2002 in Oregon, by far the largest dryland cropping precipitathe HHH region of Benton County of south-central Washingtion zone in the western USA. Many farmers and others ton to compare the traditional WW-SF rotation to continuous feel that successful new cropping technologies develannual no-till HRSW. Annual long-term precipitation in the HHH ranges from 150 to 215 mm (Rasmussen, 1971 . Nitrotillage in March to a soil depth of 15 cm was conducted with gen fertilizer rate was based on 5.8 kg of available N for each either a tandem offset disk with 56-cm-diam. circular blades expected 100-kg grain yield to achieve 14% grain protein or an undercutter equipped with overlapping 46-cm-wide highcontent of HRSW as described by Mahler and Guy (1998) . pitch V-shaped sweeps spaced 30 cm apart. An average of
The wheat cultivars used in the study were considered the two secondary tillage operations was conducted during late best available based on multiple site and year yield data from spring and midsummer with a rodweeder (a 3-cm square rotatthe Washington State University cereal cultivar testing proing rod) at a depth of 10 cm to control Russian thistle and gram. Excellent HRSW stands that averaged 130 plants m
Ϫ2
other broadleaf weeds. Ammonium thiosulfate was injected into fallow with shanks spaced 46 cm apart in late spring in were consistently achieved. In-crop broadleaf weeds were con- trolled with either 0.14 kg a.e. ha Ϫ1 dimethylamine salt of Under such total-cost budgeting, a fair or normal profit would be zero. This means that crop receipts exactly cover a market dicamba (3,6-dichloro-2-methoxybenzoic acid) herbicide when wheat was at the two-to five-leaf stage of growth or 2,4-D wage for the farmer's labor, a market rent for land and machinery, and all other production expenses. Grain yields are those amine at 0.69 kg a.e. ha Ϫ1 when wheat was in the tillering phase of growth. Postharvest herbicide of 0.4 kg a.i. (active measured from the experiment. All cost and revenue figures are presented on a rotational-hectare basis; for example, for ingredient) paraquat (1,1Ј-dimethyl-4,4Ј-bipyridinium ion) ha Ϫ1 plus 0.2 kg a.i. diuron -N,N-WW-SF, one-half hectare of WW and one-half hectare of fallow. This ensures comparability on a standard dollar per dimethylurea] ha Ϫ1 was applied in July in 3 of 6 yr to control Russian thistle growth, seed production, and water use. Thus, hectare basis for differing crop rotations. Six-year average crop prices of $126 Mg Ϫ1 for WW and two or three herbicide applications (preplant, in-crop, and postharvest) were required each year to control grass and $162 Mg Ϫ1 for HRSW were used. For HRSW, the analysis uses the 6-yr average price premium of $1.50 Mg Ϫ1 for every broadleaf weeds in the continuous annual no-till HRSW system (Table 1) . Two or three annual herbicide applications 0.25% from 14 to 15.5% protein and a penalty of $3.30 Mg Ϫ1 for each 0.25% protein shortfall below 14%. Protein premiums such as those used in the study are common for spring wheat production in the inland Pacific Northwest.
and penalties varied each year as did price margins for HRSW compared with soft white wheat. Government payments are not included in the formal net
Measurements
revenue results as the emphasis is on market profitability rather than on varying government payments. Including deSoil water was measured to a depth of 180 cm in all plots coupled direct government payments from this time period immediately after grain harvest each year in early July (beginwould not influence the ranking of the two treatments as these ning in 1997) and again in late February or early March before payments were not tied to choice of cropping system. primary tillage (for fallow) or planting (for annual HRSW). Soil volumetric water content in the 30-to 180-cm depth was measured in 15-cm increments by neutron thermalization Statistical Procedures (Hignett and Evett, 2002) . Volumetric soil water content in Analysis of variance was conducted for PSE, grain yield, the 0-to 30-cm depth was determined from two 15-cm core grain yield components, straw production, and economic net samples using gravimetric procedures (Top and Ferre, 2002) .
returns. The procedure used to compare treatment means was In addition, volumetric seed-zone soil water content in SF Fisher's protected least significant difference. All statistical plots was measured in 2-cm increments to a depth of 22 cm tests were done at the 5% level of significance. Significant with an incremental soil sampler in late August of 1999, 2000, year ϫ treatment interactions were observed for grain yield and 2001.
components. Because of these interactions, the agronomic Grain yield was determined by harvesting the grain from data were analyzed separately by year. plants in a swath through each 90-m-long plot with: (i) a commercial combine with 9.1-m-wide cutting platform and auguring grain into a truck mounted on weigh pads (1997- (Table 2) . Precipitation was much greater than in each plot just before harvest in July. Unit area for the the long-term average in 1997 and 1998, but drought clipped row of each treatment was then calculated based on occurred during the final 4 yr of the experiment. Overdrill row spacing. Whole-plant samples were placed in a lowhumidity greenhouse for 7 d and then weighed. Kernels per winter precipitation (that occurring from grain harvest spike was calculated based on spikes per square meter and until planting of HRSW and primary tillage of SF plots thousand-kernel weight after passing spikes though a handin late February/early March) was 69% of the crop-year fed thresher. Straw production was determined by subtracting total averaged over 6 yr.
RESULTS AND DISCUSSION
the weight of the grain from the whole-plant weight.
Overwinter PSE averaged 71% for no-till HRSW Russian thistle population and dry biomass were deterstubble compared with 65% for WW stubble (Table 2) biomass (data not shown) present in HRSW during the two wet years (1997 and 1998) , despite the timely application of in-crop broadleaf herbicide. Russian thistle is a Economic Assessment C 4 plant with high water use and prolific seed production Standard enterprise budgets were constructed to assess the (Schillinger and Young, 2000) that has long plagued profitability of the two cropping systems. Costs are based on spring-planted crops in dry regions of the western USA the actual sequence of operations conducted on the research (Dewey, 1893) . Russian thistle is not as big a problem plots and assume the farmer/cooperator's farm-scale machinin WW since it has more vigorous early-spring growth ery (Table 1) . Fertilizer, herbicide, seed and other input rates and canopy closure to compete against Russian thistle are averages used during the experiment. Total costs include a market return for the farmer's land, machinery, and labor.
compared with spring wheat. The HRSW plots had 27 mm less soil water than WW plots by harvest in July (Fig. 2) . Record-setting high WW grain yield for the 1998, and soil water in the 180-cm profile remained Rowell farm of 2770 kg ha
Ϫ1
, and also the 6-yr high significantly less in HRSW stubble compared with WW grain yield for annual HRSW of 1210 kg ha Ϫ1 (Fig. 2) , stubble throughout the four subsequent drought years was achieved in 1998 largely due to 36 mm of rain during (data not shown).
a 2-d period in late May. During the ensuing drought Summer fallow 12-mo PSE ranged from 6 to 30%
years (1999) (2000) (2001) (2002) , WW produced economically viable and averaged 21% ( Table 2 ). The worst SF year (and yield in 2000, but otherwise WW and HRSW yields crop year) was 2001 when only 66 mm of overwinter ranged from 42 to 570 kg ha Ϫ1 (Fig. 2) ; these are viewed precipitation occurred and the wetting front in early by farmers as crop failures. March extended only to a soil depth of 30 cm (data not Spikes per unit area for WW and HRSW were signifishown), resulting in a net gain of only 7 mm of water cantly different in 1998 but not in the drought years that (6% PSE) during the SF period (Table 2) . followed (Fig. 3A) . Conversely, WW produced more Early planting of WW into moist soil was conducted kernels per spike than HRSW from 1999-2002, but in in August of 1996 and 1997. Stands failed in 1997 due 1998, there were no differences (Fig. 3b) . Small but to soil crusting caused by rain that occurred before gersignificant differences in kernel weight were found beminating WW seedlings could emerge through 15 cm tween WW and HRSW in 1998 and 1999 but not in the of soil cover. Early planting of WW was not attempted during the ensuing drought years (1998 to 2002) as seedother years (Fig. 3C ). These data agree with Arnon zone water content in SF was insufficient for seedling (1972) and Garcia del Moral et al. (2003) , who reported emergence (Fig. 1) . Instead, WW was planted shallow that spikes per unit area is the most important yield (2 cm deep) in late October or early to mid-November component for rainfed wheat in nondrought years, but after the onset of fall rains.
Grain Yield, Yield Components, and Straw Production
Grain yield averaged over years was 530 kg ha Ϫ1 for annual HRSW and 1190 kg ha Ϫ1 for WW after SF izer, two or three herbicide applications annually (see Table 1 ), plus planting and harvesting every hectare every year elevates these costs relative to WW-SF. Costs for the WW-SF system, which were computed using Doug Rowell's practices, are among the lowest wheat production costs observed in the USA (Young et al., 2001) . During dry years, no fertilizer is applied. In-crop broadleaf weed control is limited to inexpensive 2,4-D herbicide. Farm-grown grain is kept and treated for all 6 yr whereas WW-SF covered total costs, without government payments, in 3 of the 6 yr (Table 3) . under conditions of extreme water stress, the number of kernels per spike has the greatest effect on yield.
CONCLUSIONS
Straw production for annual HRSW ranged from 800 (2001) to 2130 (1998) kg ha Ϫ1 and averaged 1350 kg Lack of residue cover and surface roughness on sumha Ϫ1 during the 6 yr. For WW after SF, straw production mer-fallowed soils in the HHH frequently leads to wind ranged from 1130 (2002) to 6410 (1998) kg ha Ϫ1 and erosion as well as poor air quality in downwind urban averaged 2650 kg ha Ϫ1 . Thus, total straw production areas. No-till farming is widely recognized throughout between the two systems over the 6 yr was about the the world for excellent control of wind and water erosame. sion, energy savings, and improved soil quality (Doran et al., 1996) . Despite these benefits, continuous annual no-till HRSW was not economically competitive with Economics the WW-SF system during either the relatively wet Table 3 shows market gross returns, total costs, and years or the drought years in this study. Annual HRSW net returns for the WW-SF and annual HRSW systems lagged WW-SF in profitability by an average of $95 for 1997-2002. Over 6 yr, HRSW averaged a loss of ha Ϫ1 yr
Ϫ1
. On a 3000-ha dryland farm, production of Ϫ$109 ha Ϫ1 yr Ϫ1 while WW-SF lost only Ϫ$14 ha Ϫ1 yr
. continuous annual HRSW would result in a net loss of The returns reflect appropriate protein premiums or $285,000 yr -1 compared with the standard WW-SF (1500 discounts for HRSW each year. Annual net returns ha in WW, 1500 ha in SF) system and therefore is clearly ranged from Ϫ$148 to Ϫ$61 ha Ϫ1 yr Ϫ1 for HRSW and not a viable alternative with current technology. from Ϫ$56 to ϩ$40 ha Ϫ1 yr Ϫ1 for WW-SF. Farm-specific Future research efforts in the HHH as a result of this government payments might add another $25 ha Ϫ1 yr Ϫ1 paper should focus on: return for both cropping systems. These payments put WW-SF in the black on average but not annual HRSW.
1. Chemical SF as a replacement for tilled SF. Some newly developed soil-residual broadleaf herbicides Production costs for annual HRSW averaged $180 ha Ϫ1 yr Ϫ1 and were double those for WW-SF at $90 ha
have shown excellent and extended control of Russian thistle in chemical SF. Although late-August yr Ϫ1 (Table 3) . Although the annual HRSW production costs are low compared with higher-precipitation replanting of WW into chemical SF is not feasible due to accelerated drying of the seed zone comgions of the Pacific Northwest, the regular use of fertil-
